Introduction
Coccidioides immitis and C. posadasii are pathogenic molds which grow as saprobes in arid, alkaline soil of semidesert regions of the Southwestern US, Mexico, and parts of Central and South America. Inhalation of airborne infectious spores produced during the saprobic phase can result in the onset of a human respiratory disease known as coccidioidomycosis or San Joaquin Valley fever. Approximately 60 % of these human exposures are asymptomatic infections, while 40 % result in symptoms that range from a self-limited pulmonary, influenza-like illness to a relatively rare life-threatening, disseminated disease [1] . Coccidioides respiratory infections are a common cause of community-acquired pneumonia in both healthy individuals and immunocompromised patients who reside in endemic areas of the Southwestern US [2] . No person-to-person transmission of the pathogen occurs, except in cases of recipient-acquired infection from an organ donor during solid-organ transplantation [3•, 4] . Physicians are encouraged to employ appropriate diagnostic evaluation and prompt initiation of anti-Coccidioides therapy if donorderived coccidioidal infection is a consideration [5] . Skin tests conducted in the 1950s showed that 50-70 % of the population in the San Joaquin Valley of Southern California reacted to Coccidioides antigen, indicating prior exposure to the fungal pathogen or active disease [6] . There is a racial difference in the frequency of symptomatic primary infection. Dark-skinned races are more prone to severe primary illness and dissemination than Caucasians [7] . Clinical investigations have revealed that reactivation of coccidioidomycosis in people who initially have an asymptomatic coccidioidal infection can occur months to years after exposure to the pathogen during a visit to an endemic site [8•] . Major outbreaks of coccidioidomycosis continue to occur, particularly in California and Arizona [9, 10] . For example, a huge dust storm that swept through Phoenix on 5 July 2011 resulted in a significant rise in the number of symptomatic infections during the following 4-month period (http://www.vfce.arizona.edu/resources/pdf/ SunenshineMDAM_CME_Cocci_Epi_11_6_11.pdf). In fact, regions in the vicinity of the rapidly growing cities of Tucson and Phoenix account for about 60 % of all cases of Coccidioides infections currently recorded in the US [11] . This is partly due to a decision made in 1997 to mandate the reporting of Valley Fever in Arizona [12] . Additional factors which contribute to the continued rise in the number of cases of this respiratory mycosis include an increase in frequency of persons with immunosuppressive conditions who reside in endemic regions, migration of immunologically naive individuals into hyperendemic areas, and aging of the population [13, 14] . San Joaquin Valley fever has long been a concern of the US military because many bases in the Southwest are located in regions known to harbor the soil-borne pathogen. Between 1942 and 1945 the military reported that approximately 4,000 men were infected with Coccidioides, resulting in 39 deaths [15] . Currently, more than 350,000 military service personnel are stationed in endemic regions.
A vaccine against Coccidioides infection would contribute significantly to the well-being of the approximately 30 million residents in the Southwestern US as well as the multitude of people who annually visit popular tourist sites in this region. The target population for this disease in endemic regions of Mexico and Latin America [16, 17, 18 •] would also benefit from the availability of a human vaccine. A compelling argument for the feasibility of generating such a vaccine is based on the retrospective clinical observation that individuals who recover from a symptomatic coccidioidal infection remain skin-test positive, do not have recurrence of the disease and presumably have lifelong acquired immunity to coccidioidomycosis [19, 20] .
The Parasitic Cycle
Coccidioides undergoes a parasitic cycle which is unique amongst the medically important fungi [21] . The parasitic phase can be cultured in a defined glucose/salts medium [22] . Morphological features of the stages of development in vitro are identical to those observed in infected lungs of the mammalian host. Growth of the saprobic (mycelial) phase at 30°C on a solid agar medium results in production of a confluent layer of spores (each typically 2×4 μm). The latter are used to inoculate a defined glucose/salts liquid medium for initiation of the parasitic cycle. Cultures are grown in a shaking incubator at 39°C in the presence of 20 % CO 2 . The cylindrical spores germinate by growing isotropically and transform into large, multinucleate round cells (spherules; 60-100 μm diameter), each of which initially contains a large central vacuole. The cytoplasm surrounding the vacuole becomes progressively compartmentalized as a result of multiple sites of ingrowth of the inner layer of the spherule wall. This process signals the differentiation of endospores that undergo rapid isotropic growth, expand into the space previously occupied by the central vacuole, and are ultimately released when the wall of the maternal spherule ruptures. A single spherule can produce hundreds of endospores which disseminate from original sites of pulmonary infection and give rise to the next generation of parasitic cells. The first generation of the parasitic cycle is completed in vitro after about 5 to 6 days of incubation.
Killed Vaccine Candidates
Early protection studies evaluated the use of a formalinkilled spherule (FKS) vaccine in murine models of coccidioidomycosis [23] . Mice were immunized by the intramuscular route with approximately 3.2 mg of a formalin-fixed mixture of immature and mature spherules and endospores. The vaccinated mice were shown to be fully protected against a potentially lethal respiratory challenge with the pathogen. However, in spite of its success as a protective reagent in four animal species, including primates, FKS failed as a candidate human vaccine in a phase 3 clinical trial [24] . The killed spherule vaccine did not demonstrate a significant reduction in the incidence or severity of coccidioidomycosis in humans. This may have been due, at least in part, to an intense inflammatory reaction at sites of vaccination which necessitated adoption of a suboptimal dose of FKS during the clinical trial.
Immunization of mice with heat-killed yeast (HKY) of Saccharomyces cerevisiae has been reported to protect against aspergillosis, coccidioidomycosis and candidiasis [25, 26, 27••] . Preliminary data have been reported indicating that this same vaccine also provides protection against cryptococcosis [28] , which led the authors to speculate that the HKY of S. cerevisiae could serve as a panfungal vaccine. Subcutaneous immunization of CD-1 outbred mice with a total of 2.5 or 5.0 mg of the HKY vaccine delivered at 21, 14, and 7 days prior to intravenous challenge with 260 viable Coccidioides spores resulted in 50-70 % survival to at least 28 days after challenge [27••] . Approximately 90 % of the nonvaccinated control mice died by 16-18 days after intravenous challenge. The authors argued on the basis of previous murine studies [29] that the intravenous and natural intranasal routes of challenge would yield comparable survival curves. However, the degree of protection afforded by immunization with HKY was significantly less than that of the FKS vaccine, and inferior to that afforded by subcutaneous immunization with a soluble, aqueous, subcellular antigenic fraction derived from mechanically disrupted spherules [29] . The latter resulted in 100 % survival of outbred mice over a period of more than 100 days after intranasal challenge [30] . Sterile immunity to coccidioidomycosis was not achieved with either the heat-killed or subfraction vaccine, and co-immunization of HKY with various adjuvants or interleukin 12 (IL-12) did not enhance protection [27••] . It was suggested that immunogenic cell wall glycans shared between Saccharomyces yeast and Coccidioides parasitic cells are major contributors to the protection afforded by the HKY vaccine, while antigenic protein and lipid homologs could also act together in the induction of the protective host response [28] .
C-type lectin receptors on the surface of dendritic and other antigen-presenting cells (APCs) of the mammalian host are known to play a key role as pattern recognition receptors (PRRs) through their detection of non-self glycans on microbial cells and have proved to be potent inducers and modulators of innate immunity to microbial infection [31, 32, 33••] . The ability of these receptors to bind fungal cell wall glycans, particularly β-glucan, correlates with initiation of a signaling cascade that culminates in the release of inflammatory cytokines and activation of protective cellular and humoral immunity [34, 35, 36•] . The C-type lectin receptors that have been shown to play key roles in the induction and modulation of cytokine production include Dectin-1, Dectin-2, mannose receptor, Mincle, DC-SIGN, and collectins. The last of these are secreted C-type lectins which bind directly to cell surface receptors such as CD14, TLR2, and TLR4 to modulate cytokine responses [36•] . A surprising observation of HKY-vaccinated and challenged mice was that in vitro recall stimulation of immune splenic lymphocytes isolated from these animals results in significant proliferation of CD3 + and CD8 + T cells but not CD4 + T cells [37] . Whether CD4 + T cells contribute significantly to the protective response in the HKY-vaccinated mouse model or are redundant is not clear. The killed yeast vaccine was also shown to induce production of high titers of antibody against Saccharomyces glucan and mannan [37] . Although a large body of evidence supports the role of T cells in adaptive immunity to Coccidioides infection [38••, 39] , the mechanisms by which antibodies influence host protection against this respiratory mycosis are still not defined [40] .
A Genetically Engineered Live Vaccine
For numerous bacterial and viral diseases in which natural infection confers protective immunity against reinfection, live attenuated vaccines have proved to be most successful in the generation of robust and durable immune defenses in the human host. Live vaccines typically elicit a broad spectrum of antigen-specific antibody responses by plasma cells as well as development of long-term T and B cell memory, thereby inducing optimal immunity by activation of many effectors that target a multitude of antigenic molecules of the pathogen [41] . The essential factor shared by live vaccine strains which have been promoted to clinical trial is that their disease-causing capacity is eliminated by genetic or technical manipulations, thus prohibiting reversion to the virulent state. A genetically defined, live attenuated strain of C. posadasii (ΔT) was generated which lost its ability to endosporulate in vivo but is able to elicit protective immunity to coccidioidomycosis (100 % survival) in diseasesusceptible mice [42] . Loss of reproductive capacity of the Coccidioides mutant was attributed to targeted disruption of two chitinase genes (CTS2 and CTS3). The combined expression of these genes in the parental strain was shown to be essential for endospore differentiation and reproduction of the pathogen both in vitro and in infected lung tissue. In contrast to FKS, this live vaccine shows only minimal, transient reactogenicity at sites of immunization in the mouse model. The vaccine strain persists as sterile parasitic cells and remains localized at sites of immunization for more than 6 weeks after completion of the vaccination protocol. Immunological studies of C57BL/6 and BALB/c mice immunized with the live ΔT vaccine against a potentially lethal Coccidioides lung infection have yielded new insights into the nature of vaccine immunity to coccidioidmycosis [42, 43•, 44•, 45] .
Early Innate Immune Response to Coccidioides Infection
Host response to the initial phase of coccidioidal pneumonia is signaled by targeted lung infiltration of macrophages and polymorphonuclear leukocytes (PMNs) to sites of colonization by the parasitic cells. This is a pathological hallmark of bacterial and fungal infections of the respiratory system and is pivotal for host defense [46] . However, a peculiarity of coccidioidomycosis is that this pronounced phagocytic response to infection in mice is delayed after intranasal challenge with Coccidioides spores. Only when the spherules have ruptured and released their endospores do the phagocytic cell populations expand and migrate in a chemotaxislike manner to the endosporulating parasitic cells (Fig. 1) . The chemical signals produced by the host and/or pathogen which are responsible for the recruitment of innate cells to infection sites are unknown. Histopathological observations indicate that prior to the release of endospores little infiltration of inflammatory cells into the infected lungs occurs [43•] and PMNs fail to attack the spherules [47] . In vitro studies have also revealed that phagocytosis and fungicidal activity of PMNs declines during Coccidioides maturation from spores to mature parasitic cells, and then returns when endospores are released from the ruptured parasitic cells [47] . This apparent anergy during early stages of parasitic cell differentiation is still unexplained. The early recruitment of PMNs to the lungs of nonvaccinated mice occurs in the presence of sharply elevated concentrations of proinflammatory cytokines IL-1β, IL-1α, and TNF-α between 7 and 11 days after challenge [43•] . A prolonged, inflammatory response, which intensifies in nonvaccinated animals as the pathogen proliferates, contributes to tissue damage and exacerbates the course of disease. On the other hand, lung homogenates obtained from mice immunized with the live (ΔT) vaccine show a sharp decrease in concentrations of these and other proinflammatory cytokines by 11 days after challenge, which correlates with a reduction in neutrophil granulocyte number and a significant increase in lung infiltration of alveolar and tissue macrophages. The mechanism by which this downregulation occurs is still unknown. Eosinophils are recruited in progressively higher numbers to the lungs of nonvaccinated mice beginning at 11 days after challenge, but not in vaccinated mice. The presence of pulmonary eosinophilic microabscesses in Coccidioidesinfected patients has been correlated with disseminated disease and a poor prognosis [48] .
During the first 2 weeks after challenge, ΔT-vaccinated mice consistently show a 4 log 10 or greater decrease in colony-forming units in lung homogenates compared to nonvaccinated mice. The latter are typically moribund at this stage of the disease [43•] . Nitric oxide (NO) produced by enzymatic activity of the inducible isoform of nitric oxide synthase and released from phagocytic cells has previously been thought to be an important first line of host defense against coccidioidal infection. However, Coccidioides as well as several other fungal pathogens that cause systemic mycoses of humans are capable of direct or indirect suppression of phagocyte secretion of NO [49] [50] [51] [52] [53] [54] [55] . Production of reactive oxygen species resulting from phagocytic NADPH oxidase (NOX2) activity represents another line of chemical defense of the mammalian host. Two independent studies have revealed that activated macrophages of Coccidioides isolated from either NOX2 −/− knockout or wild-type mice show comparable killing efficiency [56, 57] . It is evident, at least based on these results of in vitro studies, that factors other than direct exposure of the fungal pathogen to reactive oxygen intermediates are responsible for the ability of phagocytes to kill the organism. Degranulation of PMNs results in secretion of an assortment of potentially fungicidal proteins. Myeloperoxidase released from azurophilic granules as well as NADPH oxidase secretion have been shown to contribute to the formation of neutrophil extracellular traps (NETs) [58, 59 •], which consist largely of decondensed chromatin and antimicrobial proteins of dead PMNs at infection sites. NETs are induced by inflammation, lead to localized cell death (NETosis), attract phagocytes and stimulate them to trap and inhibit growth of a wide range of infectious microbes including fungi [60, 61] , and may activate or dampen the inflammatory response by acting on innate PRRs [62] . NETs have been suggested to be particularly important in host defense against certain fungal pathogens, such as Coccidioides, which are difficult to phagocytose because of their large size ( Fig. 1) [58] . This is an unexplored area of research of innate immune response to Coccidioides infection.
The Protective T-cell Repertoire
Intranasally challenged C57BL/6 mice immunized with the same live (ΔT) vaccine as described above have been shown to mount a robust CD4 + T cell-mediated immune response to the respiratory infection, develop well-differentiated pulmonary granulomas in the infected lungs, reveal little to no evidence of inflammatory damage, and exhibit near clearance of the organism from lung tissue with minimal dissemination of the pathogen to extrapulmonary sites [42, 43•] . Vaccinated mice have also been shown to induce protective antifungal CD8 + T cell immunity in the absence of CD4 + T cells [63, 64] , which raises the possibility that immunocompromised hosts lacking CD4 + T cells may still be protected against coccidioidomycosis by recruitment of the antifungal memory CD8 + T cell arm of acquired immunity [65••] . Results of numerous studies suggest that the T helper 1 (Th1) subpopulation of CD4 + T cells plays a pivotal role in protection against coccidioidomycosis [43•, 66] . Production + T cells in C57BL/6 mice immunized with the ΔT vaccine followed by intranasal challenge, and plays important roles in both prevention of inflammatory pathology and the differentiation of Th1 and Th17 effector memory cells [45] . The latter are essential for durable protection against coccidioidomycosis. Determination of the signal pathways responsible for these regulatory processes is a major focus of our current investigations of vaccine immunity to Coccidioides lung infection.
A T-cell Epitope-based Recombinant Protein Vaccine
Although the genetically engineered, sterile mutant strain (ΔT) of Coccidioides showed promise in mice as a live vaccine, its application to humans has anticipated problems. In spite of the apparent ability of a live vaccine to elicit and maintain long-term CD8 + T cell memory in the absence of CD4 + T cell help, individuals with underlying conditions that compromise their cell-mediated immune system could show severe reactogenicity to immunization with the vaccine. In addition, the unprecedented concept of immunization with a live fungal vaccine would be expected to raise serious skepticism amongst recruits in a clinical trial. Nevertheless, the knowledge gained from the live vaccine model is crucial for the rational design of human vaccine candidates [33••] . Generation of a T-cell epitope-based recombinant protein vaccine was initiated as a strategy for the design of a clinically acceptable reagent. Three assumptions have emerged from evaluations of recombinant protein vaccines against coccidioidomycosis: CD4 + T-cell immunity is essential for protection, activation of Th1, Th2 and Th17 signal pathways contribute to early protective response to infection, and APC processing and presentation of immunodominant T-cell epitopes representing different stages of the parasitic cycle are necessary for induction of optimal vaccine immunity to coccidioidomycosis [72] [73] [74] [75] .
With these suppositions in mind, a T-cell epitope-based, recombinant protein vaccine was constructed and subsequently shown to protect mice against intranasal challenge with Coccidioides spores [73, 76•] . The T-cell epitope peptides incorporated into the vaccine were derived from three T-cell-reactive proteins expressed during the parasitic cycle of C. posadasii. These full-length recombinant proteins (Pep1, Amn1, and Plb) [75] were selected from studies which showed that when they were combined and used to immunize C57BL/6 mice they induced a robust protective immune response to coccidioidal infection [74, 75] . T-cell epitopes of these three proteins were first identified by computational prediction of their ability to bind promiscuously to human MHC class II molecules. An algorithm was employed (ProPred) which contains matrix-based motifs of 51 human leukocyte antigen (HLA) subregion DR alleles derived from a MHC class II pocket profile database [77] . Promiscuous epitopes were defined as peptides that were predicted to bind to at least 80 % of the MHC class II molecules expressed by the 51 HLA-DR alleles.
T-cell-reactivity of synthetic peptides (20-32 mer) spanning all predicted promiscuous epitopes of each of the three proteins was evaluated by interferon-gamma (IFN-γ) enzyme-linked immunospot (ELISPOT) assays. Immune lymphocyte response was evaluated with CD4 + T cells obtained from human MHC class II-expressing transgenic mice. Each epitope peptide was also tested for its ability to bind to human MHC II molecules by an in vitro competitive inhibition assay [78] . On the basis of results of these immunoassays a DNA construct was synthesized for bacterial expression of a single recombinant epitope-based protein vaccine (rEBV) which contained five epitopes with highest immune T cell reactivity and affinity for human MHC II [76•] . Each epitope in the construct was fused with leader and spacer peptides to optimize epitope processing and presentation to T cell receptors [79, 80] . Recall assays of immune T lymphocytes confirmed that the epitopes were processed. Transgenic mice immunized with the epitopebased vaccine admixed with a synthetic oligodeoxynucleotide adjuvant (CpG ODN) and challenged by the intranasal route with Coccidioides spores showed early lung infiltration of activated Th1, Th2 and Th17 cells, elevated IFN-γ and IL-17A production, and significant reduction of the fungal burden compared to nonvaccinated mice [73, 76•] . CD4 + T cell epitope-driven vaccine constructs against microbial diseases have been revealed to be immunologically potent, relatively easy to produce, and predicted to be safe for human use [81] .
Experimental Adjuvants
The synthetic oligodeoxynucleotide adjuvant employed in evaluation of the T-cell epitope-based vaccine [82] [83] [84] has been suggested to function by direct activation of dendritic cells and macrophages and stimulation of IL-12, IFN-γ, and TNF-α production resulting in creation of a Th1-like milieu in lymphoid tissue [85] . On the other hand, CpG ODN has proved to be a suboptimal adjuvant for promotion of the Th17 signal pathway [76•] . Two novel adjuvant/delivery systems are currently under investigation in combination with candidate vaccines against coccidioidomycosis and both have improved the outcome of the protective host response to infection. EP67 is a peptide agonist of the biologically active C-terminal region of human complement component C5a [44] . Its N-terminus has been chemically modified to enable conjugation of the adjuvant to lysine residues of candidate protein vaccines. Binding of EP67 to the complement receptor of APCs is proposed to enable efficient receptor-mediated endocytosis and processing of the conjugate vaccines [86] [87] [88] [89] . The EP67 decapeptide (YSFKDMP[Mel]aR) is the product of specific residue substitutions of the C5a 65-74 fragment. The purpose of the substitutions is to restrict backbone flexibility in order to bias certain topographical features that allow a conformational distinction between beneficial C5a-like immune stimulatory responses versus undesirable inflammatory activity [90] . The unique conformational features of the adjuvant are accommodated by the C5a receptor (C5aR/ CD88) expressed on APCs, but not by C5a receptors on neutrophils [91, 92] . In support of this concept, BALB/c mice immunized with an EP67-conjugate vaccine against coccidioidomycosis reveal significantly dampened neutrophil response to lung infection and associated reduction of inflammatory pathology at 11 days after challenge, but polarized activation of Th1 and Th17 effector cells during early stages of the disease compared to mice immunized with a nonconjugated vaccine [44•] .
Beta-glucan particles (GPs) engender both an adjuvant effect as a result of their uptake by dendritic cells mediated by the Dectin-1 receptor, and an efficient delivery system for GPincorporated vaccine candidates [93, 94•] . GPs are purified S. cerevisiae cell walls treated so that they are primarily β-1,3-Dglucans free of mannans and proteins. The hollow, porous nature of the GP structure allows loading high concentrations of antigen. The GP-based vaccine system appears to combine adjuvanicity with efficient antigen delivery to induce strong antibody-mediated and Th1/Th17-biased CD4 + T-cell immunity. Preliminary studies have demonstrated that when GPs were used for loading and delivery of the recombinant epitope-based protein vaccine described above a significant improvement was observed in the protective immune response of transgenic mice to Coccidioides infection [76•, 95] .
Conclusions
Substantial progress has been made toward the generation of a human vaccine against San Joaquin Valley fever since the last major reviews of this area of research were published in 2004 [72, 96] . Evaluation of both heat-killed and live vaccines in murine models of coccidioidomycosis have contributed to our current understanding of the required elements of the innate and adaptive immune repertoires for protection against this respiratory disease. A critical balance must be maintained between early host granulocyte infiltration and inflammatory cytokine production on the one hand, and prevention of excessive host tissue damage due to inflammatory pathology on the other. CD4 + and CD8 + T-cell immunity contribute synergistically to the protective response to fungal infection. CD8 + T cells are associated with long-term protective antifungal memory, which can be maintained even in the absence of CD4 + T cell help or persistent antigen [65••] . Recent evidence indicates that DCs are particularly adept at activating CD4 + or CD8 + T cells in response to antifungal vaccines through different antigen presentation pathways [97, 98] . Experiments in mice immunized with a live vaccine have revealed that activation of Th1 and Th17 cells and their production of inflammatory cytokines (e.g., IFN-γ, TNF, IL-17, and IL-22) are essential for protection [33••] . In spite of the clinical evidence that a rise in titer of Coccidioides-specific antibody in infected patients signals a poor prognosis, activation of the Th2 signal pathway is nevertheless a consistent feature of vaccine immunity to coccidioidomycosis in mice [42, 43•] . If protective antibodies against Coccidioides exist, however, they have not yet been identified.
At least in animal models of other mycoses antibodies have been shown to contribute to Th17 differentiation, collaborate with phagocytic cells and T lymphocytes to kill the fungal pathogen, and modulate inflammation to prevent host tissue damage [99, 100, 101••] . The roles of antibodies, Th17 cells and their interaction with other CD4 + T cell subsets in fungal vaccines are currently subjects of intense research. The introduction of live vaccines against coccidioidomycosis has revealed promising results in animal models but has the drawback of limited use in immunosuppressed or otherwise debilitated subjects since even attenuated variants can sometimes cause disease in individuals with impaired immunity [102•] . Construction and evaluation of a recombinant T-cell epitopedriven vaccine is an attempt to generate a defined, single protein construct which provides adequate protection in a humanized mouse model, achieves the necessary standards for large-scale production, and can be subjected to clinical studies at reasonable cost [76•] . To a significant degree, its success as a vaccine depends on the choice of the adjuvant which will be employed in clinical evaluations. A few adjuvants have been licensed for use in human vaccines (e.g., Alum, MF59, AS03, Virosomes, AS04) but numerous products are in the research pipeline, including EP67 and glucan/ chitin particles [103] . Adjuvants are recognized to play a pivotal role in vaccine immunity by more than just enhancement of the magnitude of the adaptive immune response; they also contribute to the specificity and clonotypic diversity of the responding CD4 + T-cell repertoire [44•, 104] . In many cases vaccines which are potentiated by adjuvants are specifically designed to stimulate the aging immune system to respond better to vaccination [103] . This is a particularly relevant area of Coccidioides research since the elderly (≥65 years of age) are the cohort with the highest incidence of symptomatic coccidioidal infection, at least in endemic regions of the US [16] .
